Introduction {#S0001}
============

Diabetes mellitus (DM) is a public health issue worldwide. Current estimations suggest that the prevalence in the world is 425 million cases and one of every two individuals may remain undiagnosed. Approximately 80% of DM cases are distributed among developing countries, in which there are elevated incidence rates with an increased proportion of cases in young aged groups.[@CIT0001] In 2017, 4 million deaths occurred due to diabetes in the world. DM is a multiple etiology syndrome that occurs due to the lack of insulin and/or failure in sensitization to its effects, resulting in insulin resistance. Chronic hyperglycemia characterizes the disease, accompanied by dyslipidemia, arterial hypertension, and endothelial disfunction.[@CIT0002],[@CIT0003] Treatment is based in diet control, ingestion of oral hypoglycemic drugs, and insulin therapy, in association with regular physical exercise.[@CIT0004]

The exercise-induced hypoglycemic effect may last for hours and even days after it ends. This normal metabolic response may be altered during states of extreme insulin deficiency or excess, which generates greater risk of hypo and/or hyperglycemia. Improvement in values of hematological parameters and biochemical profile, such as cholesterol, triglycerides, kidney, and hepatic markers are also observed in diabetic patients that perform regular or chronic physical exercise. For this reason, recommendations of physical activities by specialists have demonstrated a decrease in diabetes-associated complications and systemic effects that compose the metabolic syndrome.[@CIT0004],[@CIT0005]

Metabolic syndrome or insulin resistance syndrome causes simultaneous deterioration of glucose metabolism, increases in LDL-C and VLDL-C, a decrease in HDL-C, pathological alterations in hematological profile, obesity, and arterial hypertension.[@CIT0004] In muscle metabolism, diabetes-promoted alterations result in increased oxidative stress with unbalanced levels of reactive oxygen species (ROS), cytosolic antioxidant enzymes, mitochondrial superoxide dismutase (SOD1 and SOD2), catalase (CAT), and glutathione peroxidase (GPX), which leads to muscle atrophy. These deleterious effects occur via signaling pathways activated by transmembrane receptors, such as GLUT-4, IRS-I, and Trkb. The latter is the receptor for brain-derived neurotropic factor (BDNF) that presents synergic action with the insulin glycopeptide.[@CIT0006]

BDNF is a growth factor abundant in the brain and responsible for maturation, development, synaptic plasticity, and survival of cells. In this manner, studies have demonstrated the important role it plays in glucose metabolism and insulin resistance in peripheric tissues. This occurs through the activation of PI3K/AKT pathways that result in a decrease of ROS production and increase in fatty acid intake by mitochondria.[@CIT0007] Studies demonstrate that regular physical exercise is capable of elevating levels of this neurotrophic factor in blood plasma promoting a hypoglycemic effect and decreasing systemic complications caused by diabetes mellitus.[@CIT0008]

Researchers suggest that chronic physical exercise may have a positive impact in diabetes-associated metabolic syndrome through the regulation of PI3K/AKT initiated by the BDNF/Trkb activation. This may result in a decrease of ROS production and cell proteolysis, increased fatty acid intake by mitochondria, and general improvement of glycemia, weight, biochemical, and hematological markers.[@CIT0009] Therefore, this study aimed to evaluate the beneficial effects of BDNF plasma increase stimulated by an experimental model of chronic exercise in diabetic n5-STZ Wistar rats against glycemia, body weight, serum proteinogram, biochemical and hematological markers. The n5-STZ model, neonatal diabetes induce, has been developed to better simulate the symptoms of human diabetes type 2 with a slower evolution, minimizing the large incidence and debilitating characteristics of this pathology. Our hypothesis is that chronic physical exercise acts as a non-pharmacological hypoglycemic therapy that reduces metabolic syndrome effects, with emphasis on intertissue liberation and regulation of BDNF.

Materials and Methods {#S0002}
=====================

Ethical Committee {#S0002-S2001}
-----------------

The project was approved by Ethics Committee for the Use of Animals from State University of Ceará with protocol number 0721784/2016.

Animals {#S0002-S2002}
-------

Forty Wistar rats, both sexes, provided by the Animal Facility of the State University of Ceara, were used in these experiments. The animals were maintained on a 12:12 hour light--dark cycle, at a controlled room temperature, and were provided food (rat chow) and water ad libitum throughout the experimental period, and ammonia exhaustion was managed. The principles of laboratory animal care were followed, and all of the experiments were approved by the Institutional Animal Care and Use Committee of Ceara State University, Brazil. All experiments were performed according to ARRIVE 2010 (Animal Research: Reporting of in vivo Experiments). The animals were randomly assigned to one of the four experimental groups (n=10/group): Sedentary control group (SCG), Exercise control group (ECG), Sedentary diabetes group (SDG), and Exercise diabetes group (EDG).

Experimental Procedure for Induction of Diabetes {#S0002-S2003}
------------------------------------------------

After 5 weeks, analyses were performed to confirm the diabetic induction evaluating plasma levels of glucose, weight, water ingestion, and urinary volume.

The methodology described by Ferreira-da-Silva et al[@CIT0008] was used with modifications in this experiment. At 4 weeks, animals were submitted to an adapted running machine for the physical activity protocol.

The induction of Diabetes mellitus (DM) was performed on animals at 5 days old distributed in 10 per group weighting between 8 and 10 g. Initially rats were immobilized to receive a single dose of intraperitoneal injection of Streptozotocin (STZ) (60 mg/kg, s.c., Sigma Chemical Co., St Louis, MO) diluted on citrate buffer (0.1 M, pH 4.5). As control, 10 rats with the same conditions received an intraperitoneal injection with only citrate buffer as a vehicle.

DM was confirmed after 5 weeks by glucose tolerance test. After confirmation of the diabetic state, physical exercise on a running machine was performed until the end of the experiment, which lasted for 9 weeks.

Glucose Tolerance Test (GTT) {#S0002-S2004}
----------------------------

To determine the glycemic curve after oral glucose overload, animals stayed fasted overnight (12 hour period) and received 75 mg glucose/100 g body weight by oral gavage. Glucose levels were measured with capillary blood from the tail vein using a glucometer (OneTouch Ultra, Johnson & Johnson, New Brunswick, NJ) at the moment of glucose administration, named 0 (basal), and at time intervals of 5, 15, 30, 45, and 60 minutes.

Incremental Load Test {#S0002-S2005}
---------------------

The exercise training protocol was based on the animal's physical capacity, as assessed by periodic incremental load tests (ILTs). The incremental load test was performed to evaluate the animal's maximum physical capacity by running on a treadmill to exhaustion.[@CIT0010] The ILT consisted of a series of 3 minute running steps at a constant speed, with increments of 0.2 km/h between the subsequent steps ([Figure 1](#F0001){ref-type="fig"}). The protocol was completed when the animal reached exhaustion, when it refused to run even under manual stimulation, and when the coordination between the anterior and posterior paws became difficult. The ILT was applied before the training period, at 3 and 6 weeks of training, and at the end of the experimental period. This period was used to adapt animals to physical training conditions and to minimize possible stress caused by this exercise.[@CIT0010]Figure 1Exercise training improves exercise tolerance in an incremental load test. (**A**) A schematic representation of the incremental load test. (**B**) The exercise training improves exercise capacity in healthy rats with 3, 6, and 9 weeks of training. Data are expressed as mean±SE (n=10). \*P=0.01 relative to control. Exercise training improves the exercise capacity in diabetic rats with 6 and 9 weeks of training. ^\#^P=0.001 relative to the diabetic rats. (adapted from Lima et al[@CIT0009]).

Training Protocol {#S0002-S2006}
-----------------

The animals assigned to the ECG and EDG groups were trained by running on a non-graded motorized treadmill (Athletic Speed, Athletic, Brazil) 5 days weekly for a period of 9 weeks. The speed of the treadmill and duration of the training sessions are indicated in Table 1. The training intensity was determined as 60% of the maximum intensity reached at the ILT, which is considered a moderate intensity exercise. Therefore, the training intensity was changed over time as the physical capacity of the rats increased. Because there was no significant difference in the maximum exercise capacity between the non-diabetic and diabetic trained rats, all of the trained rats were subjected to the same intensity and duration throughout the exercise training protocol. To attenuate the physiological impact from the intensity increments during the training period, the rats were submitted to gradual increases of the exercise durations described in [Table 1](#T0001){ref-type="table"}. All of the experimental procedures were performed in the dark cycle. The treadmill used was not equipped with electric grids at the rear of the treadmill lanes to provide an aversive stimulus to keep the animals exercising. A non-painful manual stimulus was sufficient to motivate the rats to continue running on the treadmill.

Premortem Evaluations and Sacrifice {#S0002-S2007}
-----------------------------------

Forty-eight hours after the last ILT, all of the animals, at the feed and rest conditions, were anesthetized with Ketamine 60 mg/kg + Xylazine 8 mg/kg followed by decapitation.

The serum was obtained after centrifugation (15 minutes, 3,500 rpm) and immediately analyzed.

The body weight was registered once a week for all animals (initiated at 5 weeks and continued until euthanasia). Other data were recorded, such as glucose levels, performed in all animals after 5 weeks, and a glucose tolerance test that was performed from 5 to 15 weeks with 12 hours of fasting.

Hematological Analysis {#S0002-S2008}
----------------------

According to Facundo et al,[@CIT0011] animals were sedated with diazepam (5 mg/kg, i.p.) and anesthetized with sodium pentobarbital (20 mg/kg i.p.), which is a protocol sufficient to maintain 1 hour of anesthetic time. Experiments lasted for approximately 8 minutes.

Following surgical positioning, 5 mL of blood was collected from the inferior vena cava, which was distributed in tubes containing 10% sodium EDTA and in dry tubes to perform, respectively, hematological and biochemical evaluations.

Evaluated parameters included total leukocyte, neutrophils, lymphocytes, eosinophils, monocytes, red blood cells, hemoglobin, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), and mean platelet volume (MPV).

Hematological analyses were performed with a BC-2800Vet model, Mindray, and slides were evaluated with light microscope submitted to May Grunwald Giemsa staining protocol.

Biochemical Analysis {#S0002-S2009}
--------------------

Serum was obtained by centrifugation of the blood in microtubes without anticoagulant at 3,500 rpm for 15 minute. Commercial kits (Labtest^®^) were used to perform spectrophotometric evaluations of the following biochemical parameters: low density lipoprotein (LDL-C), high density lipoprotein (HDL-C), triglycerides, total cholesterol, GOT (Glutamic oxaloacetic transaminase) and GPT (Glutamic Pyruvic transaminase), total protein, albumin, and total bilirubin. Readings were performed in a Mindray spectrophotometer, BA-88 model.[@CIT0012]

Analysis of Protein Expression -- Western Blotting/BDNF {#S0002-S2010}
-------------------------------------------------------

Serum samples were previously collected and stored at −20ºC. Total protein count was performed with the Biuret method. From each stored microtube that contained 100 μg, a sample of 20 μg was collected and pooled in groups (CT, CS, DT, and DS).

Before electrophoresis, samples with buffer (10 mM Tris-HCl, 1 mM EDTA, 0.5% SDS, 1% 2-Betamercaptoetanol, 0.25% bromophenol blue) were heated to 100ºC for 5 minutes and cooled in ice for 5 minutes. Then, electrophoresis was performed in polyacrylamide gel (12% SDS-PAGE) (Biorad Mini Prothean). A low-range molecular weight marker of 6,600 kDa to 66,000 kDa (Sigma Aldrich) was used.

After migration, gel was incubated with the PLVD transference membrane (Sigma Aldrich) and buffer. Then, the membrane was incubated with antibodies and anti-BDNF (1:1,000) overnight in a dark room at 4ºC. Samples were then incubated with 5% casein with constant agitation for 5 minutes to block unspecific ligations. After this period, samples were incubated with Tween-20 with constant agitation and then membranes were conjugated with secondary antibody horseradish peroxidase (1:10,000) for 60 minutes with constant agitation. Transferrin was used as a control. Sample revelation was performed with chemiluminescence. Contrast comparisons were evaluated with IMAGE J software.

Proteinogram Analysis {#S0002-S2011}
---------------------

After electrophoresis, Coomassie Brilliant Blue R-250 (CBB) was added to the polyacrylamide gel in agitation for 1 hour. This stain was prepared with Coomassie blue, methanol, glacial acetic acid, and distilled water. Then, a decolorizer solution was prepared with methanol, glacial acetic acid, and distilled water, which was used in the gel. This step was performed to remove the stain that did not react with the gel, which promoted a visualization of the protein bands stained in blue in the transparent gel. Contrast comparisons were evaluated with IMAGE J software (ImageJ, U. S. National Institutes of Health).

Determination of Total Protein Concentration {#S0002-S2012}
--------------------------------------------

The Biuret method was used, where peptide ligations of proteins (-HN-CO-) react with cupric ions in alkaline medium (Biuret reagent) forming a violet colored complex. In the technique, the absorbance measured with a spectrophotometer at 545 nm is directly proportional to the concentration of proteins in the sample.

Statistical Analysis {#S0002-S2013}
--------------------

The *t*-test was used to calculate standard deviation in samples. Significance was considered when protein values obtained in the experiment presented probability of occurrence of null hypothesis lower than 5% (*P*\<0.05%). In addition, analysis of variance was performed with the one-way ANOVA method.

Results {#S0003}
=======

Western Blot Quantification of Plasma BDNF {#S0003-S2001}
------------------------------------------

[Figure 2](#F0002){ref-type="fig"} illustrates protein levels of BDNF revealed by Western blotting, which was performed with specific anti-BDNF antibody. The image of the autoradiography after incubation of PVDF membrane with chemiluminescence solution demonstrate a significant reduction of BDNF levels in diabetic rats in comparison to control (*P*\<0.01). The increase in BDNF levels of trained diabetic rats in comparison to sedentary was statistically significant (*P*\<0.01). There was a significant difference in expression of this protein (*P*\<0.01) between sedentary and trained controls.Figure 2Analysis of BDNF levels of serum samples from trained and sedentary diabetic rats in comparison to controlled healthy groups. (**A**) Mean (M), standard deviation (SD), and significance of BDNF expression in diabetic and healthy groups, trained and sedentary. Values were obtained from PVDF membrane and expressed as a BDNF/transferrin relation (arbitrary units). \* Significant statistical differences (*P*\<0.05) between the same groups are and \*\* amongst control and diabetes group. (**B**) Expression of BDNF (15 )kDa in sedentary and trained groups, diabetic and healthy. (**C**) Normalization with transferrin protein stained with Coomassie blue (77kDa).

Biochemical Evaluation {#S0003-S2002}
----------------------

### Lipidic Profile {#S0003-S2002-S3001}

Post-mortem evaluation of lipidic profile of Wistar rats ([Table 2](#T0002){ref-type="table"}) demonstrated significance (*P*\<0.05) for all analyses between diabetic and control groups. Total cholesterol results revealed mean values of 68.38±1.461 and 54.63±4.865 mg/dL in SDG and TDG groups, respectively. HDL mean values were 31.22±1.938 and 42.23±2.435 mg/dL in TDG and TCG groups, respectively. Significance was identified in triglyceride values between trained and sedentary diabetic groups in relation to their respective control groups.Table 1Exercise Training Protocol. The Intensity Is Expressed in Kilometers per Hour (Km/h) and the Duration in Minutes (Min). The Values Correspond to a Single Exercise Session. Both the Healthy and the Diabetic Animals Underwent This Exercise Training ProtocolMondayTuesdayWednesdayThursdayFridayIntensityDurationIntensityDurationIntensityDurationIntensityDurationIntensityDurationWeeksIncremental Load Test11.0 Km/h15 min1.0 Km/h20 min1.0 Km/h25 min1.0 Km/h30 min1.0 Km/h35 min21.0 Km/h40 min1.0 Km/h45 min1.0 Km/h50 min1.0 Km/h55 min1.0 Km/h60 min31.0 Km/h60 min1.0 Km/h60 min1.0 Km/h60 min1.0 Km/h60 min1.0 Km/h60 min**Incremental Load Test**41.5 Km/h15 min1.5 Km/h20 min1.5 Km/h25 min1.5 Km/h30 min1.5 Km/h35 min51.5 Km/h40 min1.5 Km/h45 min1.5 Km/h50 min1.5 Km/h55 min1.5 Km/h60 min61.5 Km/h60 min1.5 Km/h60 min1.5 Km/h60 min1.5 Km/h60 min1.5 Km/h60 min**Incremental Load Test**71.7 Km/h15 min1.7 Km/h20 min1.7 Km/h25 min1.7 Km/h30 min1.7 Km/h35 min81.7 Km/h40 min1.7 Km/h45 min1.7 Km/h50 min1.7 Km/h55 min1.7 Km/h60 min91.7 Km/h60 min1.7 Km/h60 min1.7 Km/h60 min1.7 Km/h60 min1.7 Km/h60 min**Incremental Load Test**Table 2Postmortem Biochemical ParametersWistar RatsParametersSDGTDGSCGTCGTotal cholesterol (mg/dL)68.38±1.461\*54.63±4.865\*71.35±8.35870.78±9.934LDL-C (mg/dL)40.68±2.022\*25.3±1.529\*36±3.21828.8±5.17HDL-C (mg/dL)29.28±2.25731.22±1.938\*29.5±1.84842.23±2.435\*Triglycerides (mg/dL)110.8±9.886\*99,75±5.437\*66.25±3.931\*62.25±2.594\*Total protein (g/dL)6.233±0.2066.18±0.106\*6.4±0.1786.84±0.2482\*Albumin (g/dL)2.817±0.1132.88±0.048\*2.65±0.0652.62±0.086\*GOT (U/L)167±4.813146.5±15.33155.8±14.18154.8±6.909GPT (U/L)49.5±2.661\*20.5±6.487\*55±4.65540.75±7.04[^1]

Total Protein and Albumin Results {#S0003-S2003}
---------------------------------

Total protein and albumin concentrations in serum of Wistar rats examined post-mortem ([Table 2](#T0002){ref-type="table"}) presented a significant difference (*P*\<0.05) between trained groups. Mean values of total protein were 6.18±0.178 and 6.84±0.248 g/dL in TDG and TCG groups, respectively. Meanwhile, mean values of albumin fraction were 2.88±0.048 and 2.62±0.086 g/dL in TDG and TCG groups, respectively.

Liver Enzyme Profile {#S0003-S2004}
--------------------

After euthanasia, the concentrations of glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT) were assessed. Significant difference (*P*\<0.05) was observed only in GPT values between SDG and TDG groups with mean values of 49.5±2.661 and 20.5±6.487.

Proteinogram {#S0003-S2005}
------------

To determine concentrations of protein fractions in serum samples from groups, electrophoresis was performed under denaturing conditions. [Figure 3](#F0003){ref-type="fig"} displays values of mean (M), standard deviation, and significance of globulin fraction results obtained in polyacrylamide gel electrophoresis (SDS-PAGE) performed with serum samples of rats submitted to chronic physical exercise. Protein concentrations of albumin fraction identified in polyacrylamide gel electrophoresis are displayed in [Figure 4](#F0004){ref-type="fig"}.Figure 3Means (M), standard deviation (SD), and significance of serum protein fractions in polyacrylamide gel electrophoresis (SDS-PAGE) of rats submitted to physical activity. \* Significant statistical differences with two-way ANOVA (*P*\<0.05).Figure 4Means (M), standard deviation (SD) and significance of albumin serum concentrations identified in polyacrylamide gel electrophoresis (SDS-PAGE) from rats submitted to physical activity. Values represent mean±standard error. \*\* Significant statistical differences (*P*\<0.05).

Globulin Fraction {#S0003-S2006}
-----------------

The pixel intensity of bands identified in electrophoresis of γ-globulins and β2-globulin fractions are represented in [Figure 3](#F0003){ref-type="fig"}. Significant difference was (*P*\<0.01) observed between diabetic groups and their respective controls, SCG and TCG. Only in β1-globulin fraction significant difference was observed between diabetic groups and their controls. In α2-globulin fraction, significant difference was observed between diabetic groups. Meanwhile, statistical difference (*P*\<0.01) was observed between groups SDG and TDG, and their respective controls, SCG and TCG, in α1-globulin fraction.

Albumin Fraction {#S0003-S2007}
----------------

Albumin fraction results of samples of Wistar rats collected post-mortem are displayed in [Figure 4](#F0004){ref-type="fig"}. Significant difference in serum concentrations of between diabetic groups and their respective controls, SCG and TCG, was observed (*P*\<0.05).

Weight and Glycemia {#S0003-S2008}
-------------------

In the post-mortem evaluation, significant difference was observed in body weight ([Figure 5](#F0005){ref-type="fig"}) of TDG and SDG diabetic rats. In addition, these groups also had statistically different serum glucose results between themselves and in relation to their respective controls (*P*\<0.05), in which trained groups presented best mean values ([Figure 6](#F0006){ref-type="fig"}).Figure 5Body weight in grams (g) of rats submitted to physical activity. Values represent mean±standard error. \* Significant statistical differences (*P*\<0.05).Figure 6Postmortem serum glucose levels (mg/dL) of diabetic and control rats fasted for 12 hours submitted to physical activity. Values represent mean±standard error. \* Significant statistical differences (*P*\<0.05).

Hematological Evaluations {#S0003-S2009}
-------------------------

Hematological values were investigated, including erythrogram, leukogram, and platelet count, which were performed post-mortem. Results show comparisons between sedentary diabetic group (SDG), trained diabetic group (TDG), sedentary control group (SCG), and trained control group (TCG) ([Table 3](#T0003){ref-type="table"}).Table 3Postmortem Hematological Parameters, Erythrogram, Leukogram, and Platelet Count of AnimalsHemogram -- Wistar RatsErythrogramParametersSDGTDGSCGTCGRBC (x10^6^/mm^3^)8.78±0.2969.495±0.3168.73±0.4129.108±0.581Hemoglobin (g/dL)15.7±0.55816.63±0.37515.98±0.52616.78±0.666Hematocrit (%)47.05±1.448\*53.38±1.11\*47.58±3.28449.98±3.748MCV (fL)54.79±1.91655.38±1.49753.48±0.86355.15±0.643MCH (pg)17.97±0.42217.58±0.44518±0.47618.52±0.455MCHC (%)31.75±0.56331.4±0.39433.8±1.2733.45±1,065RDW (%)15.85±0.69815.64±0.41715.23±0.29615.4±0.208**Leukogram**WBC (x/mm^3^)5,820±115.8\*7,825±531.3\*6,333±520.7 \*\*9,225±295,5\*\*Neutrophils (%)21.25±3.336\*31.5±1.323 \*27.5±5.809 \*19.75±4.191\*Lymphocytes (%)56.75±1.652\*72±2.646\*64.25±1.75\*\*77.75±4.328\*\*Monocytes (%)2±0.7741.6±0.41.333±0.3332±0.574Eosinophils (%)1.25±0.252.5±0.51.667±0.6663.33±0.333Basophils (%)0000Platelets (x10^3^/mm^3^)1,223±89.381,017±126.11,092±108.8967±63.95[^2]

Erythrogram {#S0003-S2010}
-----------

No significant alterations for *P*\<0.05 were observed in any parameter of the red cell analysis with the exception of hematocrit levels between TDG (53.28±1.11%) and SDG (47.05±1.44%).

Leukogram {#S0003-S2011}
---------

Post-mortem leukogram of rats revealed an increase in leukometry values between SDG (5,820±115.8/mm^3^) and TDG (7,825±531.3/mm^3^). In addition, significance was observed between TDG and the respective trained group (*P*\<0.05). Differential leukogram results revealed neutrophilia and lymphocytosis in TDG in relation to SDG. Results for monocyte and eosinophil counts did not show statistic difference (*P*\<0.05) or discrepancy between values.

Thrombocytometry {#S0003-S2012}
----------------

Total platelet count results did not demonstrate a significant difference between diabetic groups or in relation to their controls (*P*\<0.05). In addition, there was no discrepancy in values.

Discussion {#S0004}
==========

BDNF Effect on Glucose Homeostasis {#S0004-S2001}
----------------------------------

In this study, diabetic rats submitted to chronic physical exercise presented a significant elevation of plasmatic BDNF levels in comparison to sedentary diabetic rats. Levels of this factor in non-diabetic animals also had a significant increase in results obtained from the trained group in comparison to the sedentary group, which indicates a direct effect of the physical activity in its production ([Figure 2](#F0002){ref-type="fig"}). In addition to this important result, glucose plasmatic levels of diabetic animals were inversely correlated with BDNF expression suggesting an important hypoglycemic effect of this protein to be explained ([Figure 6](#F0006){ref-type="fig"}).

Results obtained by Li et al[@CIT0013] with ELISA demonstrated that patients with systemic inflammatory diseases, such as type 2 diabetes mellitus, presented BDNF plasma levels approximately 45% lower than healthy individuals, and the same correlation with glycemia was also observed. In addition, Meek et al[@CIT0014] demonstrated for the first time that intracerebroventricular injection of BDNF was capable of decreasing hyperglycemia in type 2 diabetic rats induced by STZ, which suggests a neuronal-based mechanism capable of regulating plasma glucose levels.

Although BDNF has been extensively studied in neurodegenerative diseases, a direct intertissue relation of this protein has been approached by researchers, with a possible hypoglycemic effect in diabetes mellitus.[@CIT0015],[@CIT0017] Such a mechanism may be observed in experiments with STZ-induced diabetic Wistar rats that demonstrated the ligation of BDNF and its cell surface receptor, trkb, activating IP3K/AKT/m-TOR pathways, which are responsible for cell survival and glucose homeostasis regulation.[@CIT0007],[@CIT0017]

Recent studies demonstrated that skeletal muscle tissue produces a protein that acts in synergy with BDNF after muscle contraction stimulus and presents a local hypoglycemic effect. Such a result suggests a new hypothesis related to the increase in BDNF expression with muscle origin associated to its plasmatic fraction in glycemia control in diabetic animals submitted to chronic exercise.[@CIT0018]

Evaluation of Biochemical Profile {#S0004-S2002}
---------------------------------

### Lipidic Profile {#S0004-S2002-S3001}

Exercise aids in glycemia control in diabetic individuals and improves lipid levels.[@CIT0019],[@CIT0021] Such findings corroborate with the results obtained and demonstrated in [Table 2](#T0002){ref-type="table"}. Despite the dyslipidemia observed in diabetic rats in comparison to control, lipid profiles of trained groups presented better results. A decrease in triglyceride and LDL-C levels was observed with an increase in HDL-C values. These results suggest that physical training was able to increase muscle capacity of fatty acid oxidation in diabetic rats, which contributed to lower risks of cardiac diseases, arterial hypertension, and atherosclerosis.

There was a significant decrease in total cholesterol values in diabetic groups, which is often increased in the metabolic syndrome associated with diabetes. A possible explanation is that the intertissue regulation promoted by neurotrophin factors and peripheral tissues is not restricted to glycemia. In 2016, Zembron-Lacny[@CIT0022] demonstrated, in a study with elder and teenager humans submitted to chronic physical exercise, that there was a significant increase in plasma BDNF in comparison to VO~2~max in addition to an improved profile of plasma lipoproteins and a decrease in oxidative stress. In that study, BDNF production during exercise was also able to decrease C-reactive protein (CRP) and the oxidized fraction of LDL cholesterol (oxLDL-C). This suggests a possible pharmacological bioactive role of this molecule in the prevention of inflammatory and cardiovascular diseases, which are frequently present in diabetic individuals.

In this study, a correlation between the elevation of plasmatic BDNF levels ([Figure 2](#F0002){ref-type="fig"}) and the improvement of lipidogram in trained diabetic animals ([Table 2](#T0002){ref-type="table"}) was observed, which corroborated with other reports. A hypothesis associated with this finding could be the BDNF liberation derived from skeletal muscle cells, which would be lower than the production by the brain. In addition, it could present an autocrine and/or paracrine effect that promotes lipid oxidation through an AMPK-dependent pathway.[@CIT0018]

Evaluation of Liver Transaminases {#S0004-S2003}
---------------------------------

During biochemical evaluation, two important enzymatic biomarkers were investigated, GOT (glutamic oxaloacetic transaminase) and GPT (glutamic pyruvic transaminase). This step was performed to evaluate hepatotoxicity associated with the diabetes metabolic syndrome, especially hypertriacylglycerolemia and ketogenesis.[@CIT0023]

Lipid concentration in liver predisposes several alterations related to the resistance to insulin in normal weight and moderately overweight individuals, independent of parameters, such as BMI and intra-abdominal or general obesity.[@CIT0024] A significant increase was observed in GPT values from diabetic groups in comparison to trained diabetic groups. This result presupposes that the liver condition, which could be steatosis and elevated ketogenesis, was attenuated. This corroborates with the reduction in bodyweight of animals submitted to training ([Figure 5](#F0005){ref-type="fig"}) and the improvement in triglyceride levels ([Table 2](#T0002){ref-type="table"}). No significance was observed between groups for GOT enzyme, which demonstrated that the chronic exercise on a running machine was not capable of causing lesions in skeletal or cardiac muscle tissues of the animals.

Total Protein Evaluation {#S0004-S2004}
------------------------

In diabetes, increased proteolysis and consumption of plasma proteins promoted by muscle metabolism abnormalities are expected. Uncontrolled insulin deficiency and diabetes lead to a catabolic state with decreased muscle strength and mass, which contributes to mortality related to the disease. Studies demonstrate that FoxO transcription factors play a critical role in the regulation of muscle atrophy associated with diabetes and reduction in plasma proteins.[@CIT0025] A decrease in total plasma protein of diabetic animals may be observed in the results displayed In [Table 2](#T0002){ref-type="table"}. However, an increase in serum protein levels can be observed in animals that were submitted to exercise. Despite the contribution of muscle protein catabolism, liver conditions caused by diabetes mellitus, such as steatosis, ketogenesis and dyslipidemia, result in decreased synthesis of serum proteins by hepatocytes.[@CIT0025],[@CIT0026] As an additional proof of liver function, this result corroborated findings obtained for the GPT enzyme in [Table 2](#T0002){ref-type="table"}.

Proteinogram of Blood Plasma {#S0004-S2005}
----------------------------

### Albumin Fraction and Nutritional Evaluation {#S0004-S2005-S3001}

Complications related to the metabolic syndrome caused by diabetes have been extensively reported in studies, such as an increase in proteolysis, oxidative stress, liver conditions, and kidney dysfunction. These alterations directly affect the protein nutritional status of a patient, which is reflected in plasma albumin concentration.[@CIT0008] Electrophoresis results ([Figure 4](#F0004){ref-type="fig"}) indicate that the plasma albumin concentration of diabetic groups presented high significance in comparison to control. Meanwhile, there was no significant difference between concentrations of this serum fraction in relation to exercise. No factor that contributed to albumin level variation was observed in control animals.

Several clinical signs demonstrate that previously described comorbidities associated with diabetes relate directly to the results observed in [Figure 4](#F0004){ref-type="fig"} for SDG and TDG groups. Then, as a deduction, even with a marked reduction in albumin concentration, physical training promoted a significant improvement in plasma protein levels in trained diabetic animals. Possible explanations for this protein nutritional profile observed in diabetic animals often associated with the disease include low liver synthesis, increased muscle proteolysis, increased loss from kidney, and intestinal lesions. According to Perry et al,[@CIT0026] diabetes mellitus pathogenesis activates neoglucogenesis and intense proteolysis with loss of muscle mass activated by Akt/IgF-1, ubiquitin-proteosome, and Caspase-3 pathways. These mechanisms can result in a decreased concentration of plasma proteins, specially hypoalbuminemia, corroborating with the obtained result.

Alpha Globulin Fractions {#S0004-S2006}
------------------------

Previous studies have demonstrated that alterations of alpha-1-globulin and alpha-2-globulin protein concentrations are directly related to metabolic complications in insulin resistance. Both variations, increase and decrease, presented clinical significance and importance in the evaluation of evolution and prognosis of diabetes mellitus. In [Figure 3](#F0003){ref-type="fig"}, a decrease of both alpha-globulin protein regions may be observed. Results were lower in alpha-1-globulins in association with the reduction of approximately one third of the albumin fraction in diabetic animals. The profile of electrophoresis results observed in SDG and TDG were suggestive of a classic case of selective protein loss. Moreover, these could be caused by either enteropathies or chronic kidney lesions and inflammatory processes, both of which may occur in diabetic patients.[@CIT0027]

Although physical exercise presented similar a profile in diabetic animals, it was capable of significantly improving plasma retention for these proteins and attenuating protein loss or uninvestigated kidney lesions. Reports in medical science point to an alternative hypothesis of interpretation of alpha protein decrease that occurs in cases of liver lesions and insufficiency, which corroborate with GOT levels observed in [Table 2](#T0002){ref-type="table"}. There was no increase in alpha globulin fractions in diabetic groups. However, some reports demonstrate that, in similar models, there is an association of the concentration increase and chronic inflammatory processes caused by the oxidative stress generated by the metabolic syndrome.[@CIT0028]

Beta Globulin Fractions {#S0004-S2007}
-----------------------

Beta globulin fractions have important markers in clinical diagnosis, such as transferrin (beta1) and C3 from the complement system (beta2). Transferrin is synthesized in liver cells and is responsible for iron plasma transport. Hence, the increase of concentration of this protein and beta globulin fraction is an indication of iron deficiency. In cases of iron-deficiency anemia, these levels are also elevated. However, there is less saturation. Decreased interzone alpha2/beta1 may occur in diabetes mellitus, inflammatory processes, and pancreatitis.[@CIT0029] There were no significant levels of beta1 in animals from this study. Nevertheless, experimental studies that induce disease often fail to produce all the pathologies ([Figure 3](#F0003){ref-type="fig"}).

The role of the C3 component in the complement system is well understood, acting as a moderator in numerous immune reactions. Hence, a C3 increase induces beta-globulin rise in chronic infectious processes. Nonetheless, elevated beta globulin fraction may also indicate hyperlipidemia due to the beta lipoprotein or LDL-cholesterol, which may increase in biliary obstruction. Although genetic deficiencies may occur, acquired deficiencies, secondary to its consumption, are more common in infectious and inflammatory diseases with an acute or chronic nature.[@CIT0030] In [Figure 5](#F0005){ref-type="fig"}, significance can be observed between diabetic and control groups, where trained animals presented a decrease in relation to sedentary rats, despite that levels in diabetic patients are relatively higher than healthy ones. This contributed to the LDL-cholesterol increase observed in the biochemical results ([Table 2](#T0002){ref-type="table"}).

Gamma Globulin Fraction {#S0004-S2008}
-----------------------

Despite the absence of a direct correlation between diabetes mellitus and acquired mono or polyvalent immunity, this study demonstrated increased levels of gamma fraction in serum protein of trained groups ([Figure 3](#F0003){ref-type="fig"}). A possible explanation for such a protein profile is the inflammatory effect associated with chronic physical exercise that results in elevation of proinflammatory mediators. These have molecular masses compatible with gammaglobulin fraction and interfaces with b2 globulins or their conjugates. In diabetic groups, an albumin decrease is highlighted in situations of hypergammaglobulinemia, when there is an intense unbalance of albumin/globulin relation.[@CIT0031]

Weight and Glycemia Control {#S0004-S2009}
---------------------------

Regular physical training reduces general and local adaptative alterations in several organic systems. These changes aim to maintain glycolytic homeostasis that physical exercise promotes. Several studies demonstrate how body weight influences the evolution of DM and insulin resistance.[@CIT0021],[@CIT0022]

Physical exercise is important in the treatment of diabetes for controlling glycemia and other comorbidity factors, such as hypertension, obesity, and dyslipidemia. Hence, it also aids in reducing cardiovascular risks.[@CIT0032] Corroborating with reports, 9 weeks of physical exercise on a running machine was capable of significantly reducing body weight and glycemia of trained diabetic rats, which demonstrated a direct mitigation of alterations caused by metabolic syndrome ([Figures 5](#F0005){ref-type="fig"} and [6](#F0006){ref-type="fig"}). Two explanations could be attributed to this finding in trained diabetic rats. The increase in liver gluconeogenesis and greater intracellular intake of glucose by an alternative pathway, PI3K/Akt/mTOR, induced by BDNF/Trkb ligation, considering that animals presented hyposecretion or absence of serum insulin. The final product of this pathway would be protein expression of glucose and lactate transporters, such as GLUT-3 and MCT2, respectively. The caloric expend in the weight loss of trained diabetic animals contributes to this finding. In addition, a relation between plasmatic BDNF increase and appetite decrease have also been reported.[@CIT0033]

Evaluation of Hematological Parameters {#S0004-S2010}
--------------------------------------

### Leukometry and Leukocyte Differential Count {#S0004-S2010-S3001}

Studies demonstrate that physical exercise may promote alterations in concentration, proportion, and function of leukocytes, especially in polymorphonuclear cells and lymphocytes, affecting immunoglobulins and other factors.[@CIT0034],[@CIT0035]

In this study, physical exercise resulted in a significant increase of total leukocyte values ([Table 3](#T0003){ref-type="table"}). Several authors suggest that the increase of immune response after a session of training may occur in a 4--24 hour period after the session. In this period, the organism is vulnerable to opportunistic infections.[@CIT0036] Moreover, the increase in total number of leukocytes may occur due to the training protocol and not only an acute session of physical activity, which may be interpreted as a positive adaptation by the organism.

The results corroborate with several studies that have demonstrated the increase in leukocytes of animals submitted to training. Leukocytosis may increase in a linear manner according to the intensity of the exercise. During training, leukocytes are recruited to the body periphery, resulting in an increased concentration of neutrophils. The increase in lymphocyte percentage (lymphocytosis) resulting from the exercise occurs as a consequence of stress, especially adrenaline, which increases cell liberation from the storages to the blood stream. Lymphocytosis is caused by recruitment of NK, T, and B lymphocytes.[@CIT0037],[@CIT0039]

Results may suggest that the chronic effect of exercise was the most expressive stimulus in the induction of white blood cell increase in leukometry, which is fundamental in innate and acquired immune responses. The increase in leukometry was related to a plasma BDNF increase in trained diabetic animals, which corroborates with the study by Azoulay et al.[@CIT0040] Their results demonstrated that these factors have the ability of promoting chemotaxis and myeloproliferative increase and effect in animals through the interaction with CXCR4 receptors.

There were no significant alterations in eosinophils or basophils, since variation in these cells are related to parasitosis and allergies, respectively.[@CIT0041]

Erythrogram Evaluation {#S0004-S2011}
----------------------

Hematocrit, hemoglobin concentration, and red cell count have decreased values in practitioners of resistance physical exercise, mostly due to the expansion of plasma volume that this activity promotes. This expansion is mediated by the increase of body fluid retention, resulting in diminished values of hemoglobin and hematocrit in individuals that practice chronic physical exercise.[@CIT0042]

Hematocrit results displayed in [Table 3](#T0003){ref-type="table"} demonstrate that there was a significant difference between diabetic animals, which indicates a greater number of red cells in their blood volume. In some situations, a hematocrit increase may cause a chronic myeloproliferative disturbance due to the abnormal clonal multiplication of pluripotent hematopoietic progenitor cells in the absence of recognizable physiological stimuli, in which super production of erythrocytes occur.[@CIT0043] However, no signs of this disturbance were identified in the animals, even with significance in hematocrit values. A possible explanation for erythroid hemoconcentration in diabetic animals would be associated with water and electrolyte mobilization in the muscle tissue due to the exercise. This effect associated with kidney injury and polyuria/glycosuria would promote greater dehydration, resulting in plasma concentration of blood elements.[@CIT0044]

No alterations in hematimetric values were observed, including mean corpuscular volume (MCV), red cell distribution width (RDW), mean corpuscular hemoglobin concentration (MCHC), and mean corpuscular hemoglobin (MCH). These rates are not related to metabolic syndrome or physiological alterations caused by physical exercise. Mostly, alterations in these values occur due to deficiency anemia, kidney neoplasms, and medullar dysplasia.[@CIT0045],[@CIT0046]

According to what has been thoroughly demonstrated and discussed here, chronic physical exercise resulted in increased BDNF in blood plasma of trained diabetic animals, which promoted significant improvement of the metabolic syndrome related to DM. This physiological condition with a good prognosis, possibly associated with the increase in this factor, could be verified by significant alterations in biochemical and hematological profiles that resulted in physiological improvement of the organism against harmful effects of diabetes mellitus.

Conclusion {#S0005}
==========

In this study, chronic physical exercise was capable of increasing production and plasma concentration of BDNF in association with a reduction in hyperglycemia of trained diabetic animals in comparison to sedentary diabetic rats. This suggests an intertissue regulation of serum glucose homeostasis.

In addition, during chronic physical exercise, BDNF production correlated positively with improvement in body weight, plasma lipoprotein profile, and dyslipidemia. Hematological analyses demonstrated that exercise improved parameters of leukocytes in trained groups with increased production of this factor, which are essential for the immune response. Electrophoresis results demonstrated reduction in proinflammatory protein levels, reduction in lipoprotein fractions, and preservation of albumin in trained diabetic rats with greater concentration of plasma BDNF.

Considering the physiological improvements observed in this study, it is plausible to suggest that chronic physical exercise may act as a treatment for diabetes mellitus. In this manner, the increase in BDNF induced by the exercise is related to the better prognosis of systemic harmful effects of metabolic syndrome.

Hence, the increase in plasma BDNF induced by chronic physical exercise may help in controlling glycemia in diabetic patients. The intensity exercise may bring concrete benefits in cardiovascular dysfunctions caused by diabetes in humans and rodents. However, there are scarce studies aimed to comprehend how chronic physical exercise may result in specific molecular response in the cardiovascular system or other systems, such as CNS, in hyperglycemic situations. Therefore, the effect of molecular response in each system may be investigated in a specific manner aiming to describe direct and indirect effects of BDNF in improvement of metabolic syndrome complications caused by diabetes mellitus. This conduct could help in developing drug-free therapies based on physical exercise aimed at promoting production of this factor according to metabolic dysfunctions of patients.
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[^1]: **Notes:** Values represent mean±standard error. \* Significant statistical differences (*P*\<0.05) amongst groups.

[^2]: **Notes:** Values represent mean±standard error. \* Significant statistical differences (*P*\<0.05, *t*-test) between diabetic group, \*\* amongst groups.
